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ABSTRACT
The aim of this study was to determine the number 
of adipose tissue macrophages (ATM) and the mRNA 
expression of adipokines [adiponectin (ADIPOQ), 
leptin (LEP), interleukin 6 (IL6), tumor necrosis factor 
(TNF), and interleukin 10 (IL10)] in different adipose 
depots from cows with a variable body condition score 
(BCS) at the end of the dry period. We hypothesized 
that the number of ATM and the expression of these 
adipokines depend on adipocyte size and the anatomi-
cal location of the adipose depot. Subcutaneous, omen-
tal, mesenteric, perirenal, and intrapelvic adipose tissue 
samples were taken immediately after euthanasia of 10 
Holstein Friesian dairy cows (upcoming parity 2 to 5, 
age 3.9 ± 1.4 yr; mean ± standard deviation) at the end 
of pregnancy (actual days of pregnancy at the moment 
of euthanasia: 269 ± 5 d). During the dry period, all 
animals received similar diets to meet but not exceed 
requirements. Five animals were considered to have a 
normal BCS (2.5–3.5) and 5 animals were considered 
to be over-conditioned (BCS = 3.75–5). Body weight 
of the animals at the moment of euthanasia was 717 
± 77 kg. Expression of the different genes was deter-
mined by reverse transcription quantitative real-time 
PCR. Adipocyte size was determined by measuring 
the area of 100 adipocytes on histological sections. 
Average adipocyte area was 10,475 ± 1,019, 8,500 ± 
780, 10,383 ± 1,227, 11,466 ± 1,039, and 11,087 ± 
1,632 µm2 for the subcutaneous, mesenteric, omental, 
intrapelvic, and perirenal adipose depot, respectively. 
Immunohistochemistry using anti-bovine CD172a an-
tibodies was performed to determine the proportion 
of ATM (the number of CD172a-positive cells per 100 
adipocytes, given as a percentage). Expression of LEP, 
IL6, and TNF was positively associated with adipocyte 
size, whereas no association could be detected between 
ADIPOQ and IL10 with the size of the adipocytes. The 
omental adipose depot was especially infiltrated with 
ATM (1.92 ± 0.55, 1.10 ± 0.33, and 8.28 ± 2.24% 
for the subcutaneous, mesenteric, and omental adipose 
depot, respectively). The proportion of ATM was posi-
tively associated with the size of the adipocytes in the 
omental and mesenteric adipose depot. Expression of 
ADIPOQ, LEP, IL6, TNF, and IL10 differed among 
depots, which suggests differences in inflammatory 
characteristics depending on the anatomical location of 
depots. In conclusion, the results of the present study 
confirm the adipose tissue as a potential source of in-
flammatory mediators and demonstrate ATM infiltra-
tion, especially in the omental adipose depot.
Key words: adipokine, adipose tissue, adipose tissue 
macrophage, mRNA expression
INTRODUCTION
Important physiological changes occur during the 
transition period of dairy cows, being the last 3 wk 
before calving and the first 3 wk of lactation (Drack-
ley, 1999). Despite much progress made regarding the 
metabolism of dairy cows during the transition period, 
30 to 50% of the dairy cows suffer from 1 or more 
health disorders in the transition period (LeBlanc, 
2010). Multiple risk factors have been identified in the 
development of transition cow disorders, among which 
excessive mobilization of body fat is well characterized 
(Drackley, 1999; McArt et al., 2013; Roche et al., 2013). 
Recent research indicates that a dysregulation of in-
flammatory processes in the periparturient dairy cow 
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may contribute to the development of infectious and 
metabolic disorders (Trevisi et al., 2012; Bradford et 
al., 2015; Sordillo, 2016). Different underlying reasons 
exist for the dysregulation of inflammatory processes, 
which have been reviewed by Sordillo and Raphael 
(2013) and Bradford et al. (2015).
Adipose tissue is considered to have a causative role 
in the dysregulation of inflammatory processes (Drack-
ley et al., 2005; Loor et al., 2007; Contreras et al., 
2017). In humans, obesity is associated with a chronic 
proinflammatory state, known as a metabolically trig-
gered inflammation or metaflammation (Hotamisligil, 
2006). In the obese state, macrophages infiltrate the 
adipose tissue, triggering an inflammatory response 
that is considered a risk factor for the development of 
insulin resistance, type-2 diabetes mellitus, and cardio-
vascular disease (Després and Lemieux, 2006; Cornier 
et al., 2008). The excessive accumulation of abdominal 
or visceral fat is considered to be especially detri-
mental for humans, due to metabolic and functional 
differences between the subcutaneous and abdominal 
adipose depot (Després and Lemieux, 2006). Large vis-
ceral adipocytes demonstrate a higher lipolytic activity, 
lower insulin sensitivity, and a dysregulated produc-
tion of adipokines characterized by higher pro- and 
lower anti-inflammatory levels of adipokines (Després 
and Lemieux, 2006). Over-conditioned dairy cows are 
known to be at an increased risk for the development of 
different transition problems; this is, in the first place, 
due to excessive release of free fatty acids from the adi-
pose tissue in the immediate postpartum period (Roche 
et al., 2009). However, it is not known if high lipolysis 
rates in over-conditioned cows leads to inflamma-
tory responses that trigger adipose tissue macrophage 
(ATM) infiltration and dysregulated production of 
adipokines. Recent research indicates that overfeeding 
energy in nonpregnant and nonlactating dairy cows 
changes the adipose transcriptome, characterized by 
increased expression of lipogenic genes and increased 
expression of genes involved in inflammatory pathways. 
The transcriptome of mesenteric adipose tissue was al-
tered by the energy level compared with subcutaneous 
adipose tissue (Moisá et al., 2017).
The aim of the present study was to determine the 
number of ATM and the mRNA expression of adipo-
kines [adiponectin (ADIPOQ), leptin (LEP), interleu-
kin 6 (IL6), tumor necrosis factor (TNF), interleukin 
10 (IL10)] in different adipose depots from cows with a 
variable BCS at the end of the dry period. We hypoth-
esized that the number of ATM and the expression of 
the different adipokines depend on the size of the adi-
pocytes and differ between the different adipose depots.
MATERIALS AND METHODS
All experimental procedures were approved by the 
ethical committee of the Faculty of Veterinary Medi-
cine (EC2010/149, Ghent University, Belgium).
Study Design
Ten clinically healthy, pregnant Holstein Friesian 
dairy cows (upcoming parity 2 to 5, age 3.9 ± 1.4 yr, 
milk yield in the previous lactation 8,750 ± 1,446 kg; 
mean ± SD) were selected at the beginning of the dry 
period based on BCS according to the scale of Edmon-
son et al. (1989) to ensure an equal spread in BCS from 
normal conditioned (2.5–3.5; n = 5) to over-conditioned 
(3.75–5; n = 5). During the dry period (starting ap-
proximately 7 wk before the expected parturition date), 
animals were weekly monitored by assessment of their 
BCS and all animals received similar diets to meet but 
not exceed requirements. A detailed description of the 
study design and the diets can be found in De Koster 
et al. (2015).
Cows were euthanized 10 to 13 d before the expected 
parturition date (actual days of pregnancy at the 
moment of euthanasia was 269 ± 5 d) at the Depart-
ment of Morphology (Faculty of Veterinary Medicine, 
Ghent University, Belgium). Cows were stunned with 
a captive bolt gun and exsanguinated by transect-
ing the carotid arteries and the jugular veins. Body 
weight of the animals the day before euthanasia was 
717 ± 77 kg. Immediately after euthanasia, adipose 
tissue samples were collected from the subcutaneous, 
omental, mesenteric, perirenal, and intrapelvic adipose 
depots. The weight of the different adipose depots was 
determined and is described in De Koster et al. (2015). 
Subcutaneous adipose tissue samples were taken from 
the adipose tissue located in the fossa ischiorectalis. 
Omental adipose tissue samples were taken from the 
omentum majus at the right side at the level of the 
pylorus, halfway between the cranial and caudal rim of 
the omentum. Mesenteric adipose tissue samples were 
taken 15 cm proximal from the jejunum. Perirenal adi-
pose tissue samples were taken from the caudal end of 
the right kidney. Samples for mRNA expression were 
immediately snap frozen in liquid nitrogen and stored 
at −80°C until processing. Samples for histology were 
fixed in 4% buffered formaldehyde (pH 7.4) at room 
temperature for 24 h, subsequently dehydrated in a tis-
sue processor (Microm STP 420D, Prosan, Merelbeke, 
Belgium) and embedded in paraffin blocks using an 
embedding station (Microm EC 350–1 and Microm EC 
350–2, Prosan).
6544 DEPREESTER ET AL.
Journal of Dairy Science Vol. 101 No. 7, 2018
Histology
Two sections (8 µm thick) of each adipose tissue 
sample were stained with hematoxylin (Haematoxylin, 
C.I.75290, Merck KGaA, Darmstadt, Germany) and 
eosin (Eosin yellow, C.I.45380, VWR International 
BVBA, Leuven, Belgium). Five images were taken at 
random of each of the sections at 100× magnifica-
tion using an Olympus BX 61 microscope (Olympus, 
Hamburg, Germany). On each image, the diameter and 
surface of 10 adipocytes was determined using Cell F 
software (Olympus). To avoid using the same adipocyte 
twice, the 2 sections were made at least 200 µm apart.
Immunohistochemistry was done as previously 
described by Contreras et al. (2015). Sections (5 µm 
thick) of formaldehyde fixed subcutaneous, omental, 
and mesenteric adipose tissue samples were stained us-
ing an Autostainer Link 48 (Dako North America Inc., 
Carpinteria, CA) with a mouse monoclonal antibody 
to detect CD172a (1:100; DH59B, Washington State 
University Monoclonal Antibody Center, Pullman, 
WA). Positive (bovine spleen) and negative (without 
the primary antibody) controls were included. Sections 
were counterstained with hematoxylin, and CD172a-
positive cells were detected using an Olympus BX-40 
microscope (Olympus). Five hundred adipocytes were 
counted and the number of CD172a-positive cells was 
determined. Additionally, the number of crown-like 
structures (CLS), being aggregates of CD172a-positive 
cells, was counted. The proportion of CD172a-positive 
cells (the number of CD172a-positive cells divided by 
500 adipocytes, given as a percentage) was used for 
further statistical analysis.
Spleen samples were collected postmortem at the 
Michigan State University Meat Laboratory (East 
Lansing, MI) from lactating nonpregnant cows, as de-
scribed in Contreras et al. (2016). Immediately after 
collection, spleen specimens were placed in a 4% para-
formaldehyde solution and stored at 4°C for 24 h, then 
transferred to 30% ethanol and stored at 4°C for 12 h, 
and finally embedded in paraffin.
Primer Design, Reference Gene Selection, and PCR
Primers for ADIPOQ, LEP, TNF, and IL10 were 
designed using Primer3Plus (Untergasser et al., 2007), 
based on DNA sequences in GenBank (Benson et al., 
2013) and avoiding secondary structures predicted with 
Mfold (Zuker, 2003). Primers for IL6 were used as 
described by Vailati Riboni et al. (2015). Based upon 
previous research, 6 candidate reference genes were se-
lected: MARVEL domain containing 1 (MARVELD1), 
eukaryotic translation initiation factor 3 subunit K (EI-
F3K), LDL receptor related protein 10 (LRP10), actin β 
(ACTB), tyrosine 3-monooxygenase/tryptophan 5-mo-
nooxygenase activation protein zeta (YWHAZ), and 
hypoxanthine phosphoribosyltransferase 1 (HPRT1; 
Goossens et al., 2005; Saremi et al., 2012). All primers 
were ordered from Integrated DNA Technologies (IDT, 
Leuven, Belgium). Primer and amplicon information 
can be found in Table 1. Total RNA was isolated using 
the Aurum Total RNA Fatty and Fibrous Tissue Kit 
(BioRad Laboratories Inc., Hercules, CA) according 
to the manufacturer’s instructions (http:// www .bio 
-rad .com/ webroot/ web/ pdf/ lsr/ literature/ 10001298 
.pdf). The samples were homogenized in Purezol using 
a Tissue Ruptor (Qiagen, Antwerp, Belgium). After 
RNA isolation, a DNase treatment with 6 µL of RQ1 
RNase-Free DNase (1 U/µL, Promega, Leiden, the 
Netherlands) and 3 µL of RQ1 DNase 10x Reaction 
Buffer (Promega) was performed for 15 min at room 
temperature. Afterward, RNA was purified by spin-col-
umn centrifugation (purification step: 2 times for 7 min 
at 16,100 × g at 20°C, concentration step: 1 time for 3 
min at 1,000 × g at 20°C; Amicon Ultra-0.5 centrifugal 
filters, Merck Millipore, Billerica, MA). Quantity and 
purity of RNA were evaluated with the Nanodrop ND-
1000 spectrophotometer (Nanodrop Products, Thermo 
Fisher Scientific, Wilmington, DE). Additionally, RNA 
integrity was verified by visualization of the ribosomal 
bands on a 2% agarose gel. Genomic DNA contamina-
tion of the samples was verified by a minus reverse 
transcription control PCR with LRP10 primers. Only 
RNA samples with a purity between 1.91 and 2.16 (op-
tical density 260/280 ratio), showing clear ribosomal 
RNA bands on gel, and free of genomic DNA were re-
verse transcribed to cDNA with the Improm-II cDNA 
synthesis kit (Promega, Madison, WI). First, RNA was 
mixed with 0.5 µL of oligo(dT) (10 µM, IDT) and 0.5 
µL of random hexamers (10 µM, IDT). The mix was 
heated for 5 min at 70°C, followed by cooling on ice 
for 5 min. Afterward, 4 µL of Improm-II 5× reaction 
buffer, 2.4 µL of MgCl2 (25 mM), 1 µL of dNTP Mix 
(10 mM each; Bioline Reagents, London, UK), and 
1 µL of Improm-II reverse transcriptase were added 
(Improm-II cDNA synthesis kit, Promega). This mix 
was incubated for 5 min at 25°C (annealing), 60 min at 
42°C (synthesis of cDNA), and 15 min at 72°C (reverse 
transcriptase inactivation).
All PCR reactions were performed in a reaction 
volume of 10 µL on the Eppendorf Mastercycler PCR 
system (Eppendorf, Rotselaar, Belgium) with 0.5 U 
of TEMPase Hot Start DNA Polymerase (Ampliqon, 
Odense, Denmark), 1 µL of reaction buffer, 0.2 µL 
dNTP (10 mM each, Bioline Reagents), 1 µL of primer 
mix (5 µM forward and reverse primer, IDT), and 2 µL 
of sample (diluted 1/10). The PCR program consisted 
of an initial denaturation step (15 min at 95°C), fol-
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lowed by 40 cycles of 15 s at 95°C, 30 s at the annealing 
temperature of the primer, and 30 s at 72°C, with a 
final elongation of 2 min at 72°C. The PCR products 
were visualized on a 2% agarose gel.
The quantitative PCR reactions were performed us-
ing KAPA SYBR FAST qPCR kit master mix (Kapa 
Biosystems, Wilmington, MA) in a reaction volume of 
10 µL containing 5 µL of KAPA SYBR FAST, 1 µL of 
primers (5 µM forward and reverse), and 2 µL of cDNA 
sample (10-fold diluted). The quantitative PCR was 
conducted on a CFX96 Touch Real-Time PCR Detec-
tion System (BioRad Laboratories Inc.) and started at 
95°C for 4 min, followed by 40 cycles of 20 s at 95°C, and 
40 s at the annealing temperature of the primer with 
detection of fluorescence. A melting curve was gener-
ated by heating the samples from 70 to 95°C in steps of 
0.5°C for 5 s with fluorescence detection. In each run, 
a serial dilution (6-points, 4-fold dilution) of a cDNA 
sample and a negative control sample were included to 
determine the efficiency, the correlation coefficient and 
potential contamination. All reactions were performed 
in duplicate. The stability of the reference genes was 
checked using GeNorm (Vandesompele et al., 2002). 
The quantification cycle values of the target genes were 
converted to raw data based on the efficiency of the 
quantitative PCR, after which they were normalized 
with the geometric mean of the 3 most stable reference 
genes (MARVELD1, EIF3K, and LRP10) as described 
by Erkens et al. (2006). Nondetects (ADIPOQ, n = 2; 
LEP, n = 2; IL6, n = 5; TNF, n = 7; and IL10, n = 2) 
were treated as missing data in the statistical analyses. 
Information about reverse transcription quantitative 
real-time PCR performance can be found in Table 1 
and Supplemental Table S1 (https:// doi .org/ 10 .3168/ 
jds .2017 -13777).
Statistical Analyses
Statistical analyses were performed using SAS ver-
sion 9.4 (SAS Institute Inc., Cary, NC). Descriptive 
statistics (PROC MEANS) are expressed as mean ± 
standard error of the means unless otherwise indicated. 
Normality of the variables (PROC UNIVARIATE) was 
checked using the Kolmogorov-Smirnov test.
For the comparison of the size of the adipocytes 
between depots, diameter and area of the adipocytes 
were fitted as dependent variables in a linear mixed 
model and depot was included as an independent vari-
able. Cow was included as a random factor. Because 
diameter and area were log-normally distributed, the 
model was fitted using a generalized linear mixed model 
(PROC GLIMMIX) using the DIST = LOGNORMAL 
statement. Pairwise comparisons between depots were 
checked using the LSMEANS statement (Tukey post-
hoc test).
To determine the factors affecting the proportion of 
ATM or the mRNA expression of the different genes, 
a linear mixed model was built with the proportion 
Table 1. Characteristics of the primers used for reverse-transcription quantitative real-time PCR
Gene 
(NCBI gene ID)1  Sequence 5′–3′ (F = forward, R = reverse)
Product 
size  
(bp)
Annealing  
temperature 
(°C) R2
Efficiency 
(%)
 
GenBank accession 
number or reference
MARVELD1 (616867)  F: GGCCAGCTGTAAGATCATCACA 100 63.0 0.998 102.35 Saremi et al., 2012
 R: TCTGATCACAGACAGAGCACCAT      
EIF3K (515326)  F: CCAGGCCCACCAAGAAGAA 125 59.5 0.999 102.60 Saremi et al., 2012
 R: TATACCTTCCAGGAGGTCCATGT      
LRP10 (515494)  F: CCAGAGGATGAGGACGATGT 139 61.0 0.999 102.30 Saremi et al., 2012
 R: ATAGGGTTGCTGTCCCTGTG      
ACTB (280979)  F: CCTCACGGAACGTGGTTACA 87 58.0 0.999 96.25 Goossens et al., 2005
 R: TCCTTGATGTCACGCACAATTT      
HPRT1 (281229)  F: TGCTGAGGATTTGGAGAAGG 154 58.0 0.999 102.25 Goossens et al., 2005
 R: CAACAGGTCGGCAAAGAACT      
YWHAZ (2870222)  F: GCATCCCACAGACTATTTCC 120 60.0 0.999 101.90 Goossens et al., 2005
 R: GCAAAGACAATGACAGACCA      
ADIPOQ (282865)  F: CCACCTTCACAGGCTTCCTTCT 100 64.0 0.999 101.1 NM_174742.2
 R: GTTCTTTCACTTTGTGCTGCTTGG      
LEP (280836)  F: CTGTGGCTTTGGCCCTATCTGT 148 64.0 0.999 101.9 NM_173928.2
 R: CAGTGACCCTCTGTTTGGAGGAG      
IL6 (280826)  F: CCAGAGAAAACCGAAGCTCTCAT 100 62.0 0.997 102.4 Vailati Riboni et al., 
2015
 R: CCTTGCTGCTTTCACACTCATC      
TNF (280943)  F: TGCCTGCTGACGGGCTTTA 95 66.0 0.997 98.6 NM_173966.3
 R: GCTGATGGTGTGGGTGAGGA      
IL10 (281246)  F: AGCCTTGTCGGAAATGATCCAGTTTTA 179 62.5 0.997 99.1 NM_174088.1
 R: TCTCCACCGCCTTGCTCTTGT      
1NCBI = National Center for Biotechnology Information.
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of ATM and the expression of the individual genes as 
dependent variable, whereas depot, average adipocyte 
area per depot, and the interaction between depot and 
adipocyte area were included as independent variables; 
cow was included as a random factor. Interaction terms 
were left out of the model if not significant (P > 0.10). 
Because the proportion of ATM and the expression of 
the genes were log-normally distributed, the model was 
fitted using a generalized linear mixed model (PROC 
GLIMMIX) using the DIST = LOGNORMAL state-
ment. Pairwise comparisons between depots were 
checked using the LSMEANS statement (Tukey post-
hoc test).
To determine the relationship between the expression 
of the different adipokines and the proportion of ATM, 
a linear mixed model (PROC MIXED) was built with 
the proportion of ATM and the mRNA expression of 
each gene (both were log transformed to yield normal 
distribution) as dependent variables and the mRNA 
expression of the other genes (after log transformation 
to yield normal distribution) as independent variables. 
Cow was included as a random factor. Regression coef-
ficients of the different models are presented to demon-
strate the relationship between the proportion of ATM 
and the expression of the individual adipokines. We 
tested the effect of parity in the different models and 
parity was not withheld in the final model because it 
did not significantly affect any of the variables in the 
study. Pearson correlation coefficients were calculated 
between the average area of the adipocytes per depot 
and the BCS (average BCS during the dry period). Sig-
nificance and tendency were declared at P < 0.05 and 
0.05 < P < 0.10, respectively.
RESULTS
Mesenteric adipocytes were significantly smaller 
compared with the other depots (Table 2). Pearson 
correlation coefficients between the average BCS of the 
cows during the dry period and the adipocyte size were 
strong and significantly positive in all the depots: sub-
cutaneous (r = 0.97; P < 0.05), mesenteric (r = 0.80; P 
< 0.05), omental (r = 0.85; P < 0.05), intrapelvic (r = 
0.92; P < 0.05), and perirenal adipose tissue (r = 0.90; 
P < 0.05).
Expression of the different genes in the different 
adipose tissue depots is represented in Table 3 and 
Figure 1, whereas the relationship between the size of 
the adipocytes and the expression of the different genes 
is represented in Table 4 and Figure 2. Expression of 
ADIPOQ was not influenced by adipocyte size (P > 
0.05), but was significantly influenced by adipose depot 
(P < 0.05), with lower expression in the subcutane-
ous depot when compared with the intrapelvic and 
perirenal depots. Expression of LEP was significantly 
different between the adipose depots (P < 0.05), with 
lower expression in the subcutaneous and omental de-
pots compared with the intrapelvic depot. We noted 
a trend (0.05 < P < 0.10) for lower LEP expression 
in the subcutaneous depot compared with the mes-
enteric and perirenal depots. The effect of adipocyte 
size on the expression of LEP was dependent on the 
adipose depot (interaction effect). The expression of 
LEP was positively associated with adipocyte size, and 
this was more pronounced in the mesenteric adipose 
depot. Expression of IL6 and TNF was greater in larger 
adipocytes (0.05 < P < 0.10). Expression of IL6 was 
influenced by the adipose depot (P < 0.05), with lower 
expression in the subcutaneous depot when compared 
with the other depots. Expression of TNF was influ-
enced by the adipose depot (P < 0.05), with higher 
expression in the subcutaneous and omental depots 
when compared with the intrapelvic depot. Expression 
of IL10 was influenced by the adipose depot (P = 0.05), 
with higher expression of IL10 in the omental depot 
compared with the subcutaneous adipose depot. The 
relationship between the expression of different genes 
is represented by the coefficients of the linear mixed 
model (Table 4) and the scatterplot (Figure 3). Within 
the different adipose depots, we observed a positive 
Table 2. Adipocyte size and macrophage count (mean ± SEM) by adipose depot (n = 10)
Parameter
Adipose depot
Subcutaneous Mesenteric Omental Intrapelvic Perirenal
Adipocyte area (µm2) 10,475 ± 1,019a 8,500 ± 780b 10,383 ± 1,227a 11,466 ± 1,039a 11,087 ± 1,632a
Adipocyte diameter (µm) 118.65 ± 5.23a 107.93 ± 3.39b 117.31 ± 5.45a 123.99 ± 4.70a 120.65 ± 7.62a
ATM1 (%) 1.92 ± 0.55a 1.10 ± 0.33a 8.28 ± 2.24b —2 —
Number of crown-like structures3 0 0.10 ± 0.01 1.50 ± 0.60 — —
a,bMeans within a row with different superscript letters differ significantly (P < 0.05).
1Adipose tissue macrophages (ATM) represented as the proportion of CD172a-positive cells per 100 adipocytes.
2The number of CD172a-positive cells was not determined in the intrapelvic and perirenal adipose depot.
3Number of aggregates of CD172a-positive cells.
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Table 3. Relative mRNA expression (mean ± SEM) of ADIPOQ, LEP, IL6, TNF, and IL10 in different adipose depots
mRNA expression
Adipose depot
Subcutaneous Mesenteric Omental Intrapelvic Perirenal
ADIPOQ1 0.275 ± 0.064a 0.344 ± 0.044ab 0.393 ± 0.048ab 0.561 ± 0.111b 0.620 ± 0.141b
LEP1 0.225 ± 0.066a 0.262 ± 0.091ab 0.289 ± 0.080a 0.589 ± 0.096b 0.581 ± 0.186ab
IL61 0.062 ± 0.016a 0.176 ± 0.042b 0.268 ± 0.079b 0.302 ± 0.125b 0.181 ± 0.041b
TNF1 1.497 ± 0.327a 0.779 ± 0.080ab 1.840 ± 0.612a 0.483 ± 0.098b 0.996 ± 0.193ab
IL101 0.311 ± 0.174a 0.179 ± 0.029ab 0.528 ± 0.044b 0.391 ± 0.126ab 0.408 ± 0.146ab
a,bMeans within a row with different superscript letters differ significantly (P < 0.05).
1mRNA expression of the genes is presented as relative mRNA abundance after normalization with the reference genes (MARVELD1, EIF3K, 
and LRP10). There were 2 nondetects for ADIPOQ, 2 for LEPT, 5 for IL6, 7 for TNF, and 2 for IL10.
Figure 1. The mRNA expression of the different adipokines (ADIPOQ, LEP, IL6, TNF, and IL10) in the subcutaneous, omental, mesenteric, 
intrapelvic, and perirenal adipose depots. The mRNA expression is presented as relative mRNA abundance after normalization with the refer-
ence genes (MARVELD1, EIF3K, and LRP10) and log transformation. Depots with different letters (a,b) differ significantly (P < 0.05). There 
were 2 nondetects for ADIPOQ, 2 for LEPT, 5 for IL6, 7 for TNF, and 2 for IL10. Box = middle 50% of the data; upper whisker: maximum; 
lower whisker: minimum; shading: indicates median.
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relationship between ADIPOQ and LEP, IL6 and LEP, 
IL10 and TNF, and IL6 and IL10. Furthermore, we 
found a negative relationship between ADIPOQ and 
TNF as well as ADIPOQ and IL10.
In all the adipose tissue samples evaluated for ATM 
infiltration with immunohistochemistry, CD172a-
positive cells (ATM) were detected. We observed 
significantly more ATM in the omental adipose depot 
compared with the subcutaneous and the mesenteric 
adipose depots (Table 2, Figure 4). Adipose tissue mac-
rophages could be detected in CLS or as single ATM 
(Figure 5). Crown-like structures were not detected in 
the subcutaneous depot and very rarely detected in 
the mesenteric depot (only in 1 cow), whereas multiple 
CLS could be detected in the omental adipose depot of 
multiple cows. The proportion of ATM was influenced 
by the size of adipocytes. In the subcutaneous adipose 
depot we found a negative relationship between the pro-
portion of ATM and the size of the adipocytes, whereas 
in the omental and mesenteric adipose depot we noted 
a positive relationship. The proportion of ATM was not 
related to the gene expression of any of the genes in this 
study (Table 4, Figure 3).
DISCUSSION
Over-conditioned cows are prone to the development 
of a variety of metabolic and infectious disorders, which 
is known as fat cow syndrome (Morrow, 1976; Roche et 
al., 2009). The cows in the present study were fed ac-
Table 4. Coefficients of the univariate regression models describing the relationship between the relative 
expression of the different genes, the area of the adipocytes, and the number of adipose tissue macrophages
Independent variable
Dependent variable
ADIPOQ LEP1 IL6 TNF IL10 ATM2
Adipocyte area3 (mm2) −15.30 113.47† 76.57† 50.29† 58.17 −251.55*
ADIPOQ4 0.26* −0.03 −0.34* −0.17† 0.50
LEP4 0.58* 0.29† −0.12 0.13 0.19
IL64 −0.07 0.26† 0.23 0.45* 0.36
TNF4 −0.41* −0.06 0.12 0.26* 0.46
IL104 −0.33† 0.11 0.39* 0.43* 0.38
1Effect of adipocyte size on leptin expression was dependent on the depot (interaction effect, P < 0.05) only in 
the mesenteric adipose depot; adipocyte size was positively associated with the expression of leptin (regression 
coefficient = 340.15, P < 0.05).
2Adipose tissue macrophages (ATM) determined as the proportion of CD172a-positive cells per 100 adipocytes. 
Effect of adipocyte size on the proportion of ATM was dependent on the depot (interaction effect, P = 0.05), 
the proportion of ATM was negatively related to adipocyte size in the subcutaneous adipose depot (regression 
coefficient = −251.55, P < 0.05), whereas the proportion of ATM was positively related to adipocyte size in the 
mesenteric and omental adipose depot (regression coefficient = 67.23, 0.05 < P < 0.10, regression coefficient 
= 74.36, P < 0.05, respectively).
3Regression coefficients of the generalized linear mixed model.
4Regression coefficients of the linear mixed model.
*P < 0.05; †0.05 < P < 0.1.
Figure 2. Relationship between the mRNA expression of the different adipokines (ADIPOQ, LEP, IL6, TNF, and IL10), the proportion 
of adipose tissue macrophages (ATM; represented as the proportion of CD172a-positive cells per 100 adipocytes), and adipocyte size (mm2) 
throughout the different adipose depots (5 adipose depots in 10 cows). The mRNA expression is presented as relative mRNA abundance after 
normalization with the reference genes (MARVELD1, EIF3K, and LRP10) and log transformation. Subcutaneous adipose tissue = ○; mesenteric 
adipose tissue = □; omental adipose tissue = *; intrapelvic adipose tissue = ∆; perirenal adipose tissue = ×.
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cording to their requirements and did not gain nor lose 
BCS during the dry period (De Koster et al., 2015). The 
excessive BCS in the over-conditioned cows was most 
probably due to a prolonged positive energy balance 
at the end of the previous lactation. Different papers 
demonstrated a dysregulated inflammatory reaction in 
over-conditioned cows. Cows with high BCS had greater 
concentrations of markers for oxidative stress, decreased 
functional properties of circulating mononuclear cells 
(lower IFN-γ and IgM secretion) and greater plasma 
levels of tumor necrosis factor (TNF; Bernabucci et al., 
2005; Lacetera et al., 2005; O’Boyle et al., 2006). To the 
Figure 3. Relationship between the mRNA expression of the different adipokines (ADIPOQ, LEP, IL6, TNF, and IL10) and the propor-
tion of adipose tissue macrophages (ATM; represented as the proportion of CD172a-positive cells per 100 adipocytes) throughout the different 
adipose depots (5 adipose depots in 10 cows). The mRNA expression is presented as relative mRNA abundance after normalization with the 
reference genes (MARVELD1, EIF3K, and LRP10) and log transformation. Subcutaneous adipose tissue = ○; mesenteric adipose tissue = □; 
omental adipose tissue = *; intrapelvic adipose tissue = ∆; perirenal adipose tissue = ×.
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contrary, in the study of Akbar et al. (2015), high-BCS 
cows (5.0 on a 10-point scale), when compared with 
low- and medium-BCS cows (3.0 and 4.0 on a 10-point 
scale, respectively), demonstrated a lower inflamma-
tory response after calving, as measured by systemic 
and hepatic indicators of inflammation. Overfeeding 
nonpregnant, nonlactating cows for a period of 8 wk 
did not induce an inflammatory response within the 
adipose tissue as measured by mRNA expression (Ji 
et al., 2014b). Discrepancies between different studies 
may be explained by the fact that periparturient in-
flammation and immune function are influenced by dif-
ferent factors such as energy balance, diet, metabolites 
such as free fatty acids, individual variation in lipolytic 
responses, subclinical disorders, BCS, and many other 
factors (Esposito et al., 2014; Bradford et al., 2015; 
Sordillo, 2016).
The aim of the present study was to describe the 
potential role of the adipose tissue in creating a proin-
flammatory state in over-conditioned cows. More spe-
cifically, we aimed to determine the association between 
the size of the adipocytes, the location of the adipose 
depot, the mRNA expression for ADIPOQ, LEP, IL6, 
TNF, and IL10 and the proportion of ATM in adipose 
tissue samples taken from dairy cows with a variable 
BCS at the end of pregnancy.
Adipocyte Size
Over-conditioned cows have larger adipocytes, as 
demonstrated by the strong correlation between BCS 
and adipocyte size in every adipose depot examined 
in the present study. The latter supports the obser-
vation that accumulation of lipids in adult cows is 
mainly mediated via hypertrophy of the adipocytes 
instead of via hyperplasia (Hood and Allen, 1973; 
Smith and McNamara, 1990; McNamara, 1991). Differ-
ences in adipocyte size between depots are related to 
depot-specific differences in adipose tissue metabolism, 
namely accumulation or release of lipids (Akter et al., 
2011). In the present study, the difference in adipocyte 
size between depots is probably a reflection of a dif-
ferent lipogenic activity in different adipose depots at 
the end of the previous lactation due to the fact that 
cows were not yet metabolically triggered to release 
large amounts of lipids at the moment of euthanasia. 
Khan et al. (2013) suggested that lipogenesis is mainly 
genetically controlled (by transcription of key lipogenic 
proteins), wheras lipolysis is regulated by posttrans-
lational modifications. As a consequence, expression 
of lipogenic genes reflects the lipogenic potential of 
an adipose depot (Ji et al., 2014b). Ji et al. (2014a) 
demonstrated different expression of lipogenic genes 
Figure 4. Proportion of adipose tissue macrophages (ATM; presented as the proportion of CD172a-positive cells per 100 adipocytes) and 
number of crown-like structures (number of aggregates of CD172a-positive cells) in the subcutaneous, mesenteric, and omental adipose depots (n 
= 10). Depots with different letters (a,b) differ significantly (P < 0.05). Box: middle 50% of the data; upper whisker: maximum; lower whisker: 
minimum; shading: indicates median.
Journal of Dairy Science Vol. 101 No. 7, 2018
ADIPOSE INFLAMMATORY PROPERTIES IN DAIRY COWS 6551
between the subcutaneous, omental, and mesenteric 
adipose depots in nonpregnant, nonlactating cows. The 
results of Ji et al. (2014a) are consistent with a greater 
lipogenic potential in subcutaneous compared with 
mesenteric adipose tissue; the latter might explain the 
smaller adipocyte size in the mesenteric adipose tissue 
observed in the present study.
Influence of Adipocyte Size and Adipose Depot  
on ADIPOQ and LEP Expression
Adipocytes are the main source of circulating adipo-
nectin and leptin (Chilliard et al., 2005; Singh et al., 
2014). In humans and rodents, both adipokines play an 
important role in the regulation of energy homeostasis 
and immune function (Ingvartsen and Boisclair, 2001; 
Kadowaki and Yamauchi, 2005; Carbone et al., 2012). 
In dairy cows, expression of LEP in the adipose tissue is 
strongly related to the serum levels of leptin and is de-
termined by chronic and acute regulatory mechanisms 
(Chilliard et al., 2005; Drackley et al., 2006). Long-term 
effects are regulated by body fatness whereas short-
term effects are regulated by feed intake and energy 
balance. During negative energy balance and feed de-
privation, leptin concentrations decrease (Chilliard et 
al., 2005). Cows in the present study were in positive 
energy balance and not deprived of feed; thus, leptin 
levels were mainly determined by body fatness. This 
might explain the positive association between leptin 
and the adipocyte size, as described previously (Chill-
iard et al., 2005).
Expression of LEP was furthermore greater in the 
intrapelvic adipose depot. Expression of ADIPOQ was 
greater in the retroperitoneal adipose depots (intra-
pelvic and perirenal adipose tissues) when compared 
with the subcutaneous adipose depot. Similarly, in the 
study of Saremi et al. (2014), LEP and ADIPOQ ex-
pression were numerically greater in the retroperitoneal 
adipose depot. It should be noted that the expression 
of ADIPOQ is not correlated with serum concentra-
tions of adiponectin. Adiponectin production is mainly 
controlled by posttranscriptional factors (Lemor et al., 
2009; Singh et al., 2014). Therefore, the lack of asso-
ciation between adipocyte size and ADIPOQ expres-
sion in the present study does not exclude a potential 
association between adiponectin concentration and 
fatness of the animals. Indeed, a negative correlation 
between serum adiponectin concentration and BCS has 
been demonstrated (Singh et al., 2014; De Koster et al., 
2017). Besides its well-described role in the regulation 
of feed intake, leptin exerts proinflammatory effects 
by activating the inflammatory cascade in immune 
cells in humans and rodents (Ingvartsen and Boisclair, 
2001; Paz-Filho et al., 2012). To the contrary, adipo-
nectin exerts anti-inflammatory effects (Yamauchi and 
Kadowaki, 2008), and these anti-inflammatory effects 
have been confirmed in bovine monocytes after an in 
vitro LPS challenge (Kabara et al., 2014). In humans 
Figure 5. Images of tissue sections after immunohistochemical 
staining using CD172a antibodies to detect adipose tissue macro-
phages (ATM). Adipose tissue macrophages were localized in crown-
like structures (A) or as sole ATM throughout the tissue (B). Bovine 
spleen was used as positive control (C). Color version available online.
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and rodents, leptin and adiponectin exert both insu-
lin sensitizing effects mainly by activating adenosine 
monophosphate-activated protein kinase (AMPK), 
which increases fatty acid oxidation in skeletal muscle. 
This will lead to decreased triglyceride accumulation, 
which is associated with improved insulin sensitivity of 
skeletal muscle (Kahn and Flier, 2000; Kadowaki and 
Yamauchi, 2005). Recent studies indicate similar func-
tionality of adiponectin in ruminants. In dairy cows, an 
improved insulin response of the fatty acid and glucose 
metabolism was associated with higher circulating adi-
ponectin levels (De Koster et al., 2017). In vitro AMPK 
activation was increased and triglyceride content de-
creased in bovine hepatocytes treated with adiponectin 
(Chen et al., 2013). At the level of the adipocyte, the 
effects of leptin and adiponectin are counter-regulatory. 
Adiponectin stimulates lipogenesis whereas leptin in-
hibits lipogenesis and stimulates lipolysis (Stern et al., 
2016). Most of these studies are performed in humans 
and rodents, whereas in ruminants more research is 
warranted to elucidate how leptin and adiponectin af-
fect the metabolism of periparturient cows.
Influence of Adipocyte Size and Adipose  
Depot on ATM
Besides adipocytes, the white adipose tissue contains 
preadipocytes, fibroblasts, endothelial cells, T lym-
phocytes, and macrophages (Heilbronn and Campbell, 
2008; Contreras et al., 2017). Obesity in humans is 
associated with an increased infiltration of ATM and 
an increased production of proinflammatory cytokines 
(Heilbronn and Campbell, 2008). In primiparous cows 
with a moderate BCS, Akter et al. (2012) did not de-
tect a meaningful infiltration of macrophages in adipose 
tissue sampled during the first months of lactation. 
Presence of ATM was greater in biopsies taken from 
over-conditioned heifers and steers (Akter et al., 2012). 
Although the number of ATM was limited, a positive 
correlation between the number of macrophages and 
the size of the adipocytes was demonstrated (Akter et 
al., 2012). In cows overfed during the close-up period, 
microRNA markers associated with ATM infiltra-
tion were upregulated in subcutaneous adipose tissue 
(Vailati-Riboni et al., 2017). In the present study, the 
proportion of ATM was higher in the omental adipose 
depot and positively associated with adipocyte size 
in the omental and mesenteric adipose depots. Fur-
thermore, CLS were obviously present in the omental 
adipose depot. Similarly, Akter et al. (2012) detected 
lower amounts of ATM in subcutaneous versus visceral 
adipose tissue and Contreras et al. (2015; 2016) found a 
marked infiltration of ATM in subcutaneous and omen-
tal adipose tissue of dairy cows with a left displacement 
of the abomasum (DA) or after feed restriction. The 
omental adipose tissue of the DA cows was especially 
infiltrated with ATM, which were localized in aggre-
gates similar to the CLS observed in human obesity 
(Cinti et al., 2005; Contreras et al., 2015). The role 
of these ATM in the development of a proinflamma-
tory state depends on the polarization of the ATM in 
the adipose tissue (Contreras et al., 2015). Classically 
activated ATM (M1) are induced by inflammatory 
stimuli (TNF, LPS) and upon activation, these mac-
rophages produce large amounts of proinflammatory 
cytokines (TNF, IL-6). Alternatively activated ATM 
are induced by exposure to IL-4 and IL-13 and pro-
duce anti-inflammatory cytokines (IL-10). Classically 
activated ATM are responsible for inflammation and 
have high microbicidal activity, whereas alternatively 
activated ATM are responsible for the resolution of 
inflammation and tissue repair (Lumeng et al., 2007; 
Surmi and Hasty, 2008; Olefsky and Glass, 2010). In 
the present study, expression of IL6, TNF, and IL10 in 
the adipose depots were not related to the proportion 
of ATM. Despite the fact that in humans adipose ex-
pression of IL6 (Sindhu et al., 2015), TNF (Hotamisligil 
et al., 1995) and IL10 (Juge-Aubry et al., 2005) has 
been linked with protein expression, we cannot exclude 
possible posttranslational regulation of these proteins 
in the present study. An additional factor that might 
confound the results of the present study is the fact 
that mRNA expression was determined at the level of 
the adipose tissue. This comprises the mRNA expres-
sion of all the cells that reside within the adipose tissue, 
including preadipocytes, fibroblasts, endothelial cells, 
mast cells, dendritic cells, neutrophils, eosinophils, ba-
sophils, lymphocytes, and macrophages (Heilbronn and 
Campbell, 2008; Contreras et al., 2018). Based on the 
results of the present study, it is not possible to identify 
the cellular source of the different adipokines. As such, 
more research is needed to identify the cellular source 
of the adipokines and the polarization and function of 
ATM in the different adipose depots of dairy cows.
Influence of Adipocyte Size and Adipose Depot  
on IL6, TNF, and IL10 Expression
Based on the positive association between adipocyte 
size and the expression of IL6 and TNF, we hypoth-
esized that, in over-conditioned cows, IL-6 and TNF 
originating from adipose depots with large adipocytes 
could support the development of a low-grade inflam-
matory state by enhancing the production of proinflam-
matory molecules, which may lead to a dysregulation of 
inflammatory processes (Loor et al., 2006, 2007). This 
hypothesis could not be confirmed in the study of Akbar 
et al. (2015); however, the BCS of the over-conditioned 
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animals in that study (5.0 on a 10-point scale) was not 
as extreme as the BCS of the over-conditioned cows in 
the present study (5.0 on a 5-point scale).
Tumor necrosis factor links inflammatory processes 
with negative health consequences. Expression of TNF 
is increased in adipose tissue of DA cows and fatty liver 
cows had greater serum TNF (Ohtsuka et al., 2001; 
Contreras et al., 2015). Daily subcutaneous injections 
of TNF induced hepatic accumulation of triglycerides 
in lactating cows (Bradford et al., 2009). However, 
when administered as a continuous low dose infusion in 
the adipose tissue, no obvious infiltration of fat in the 
liver was noted and an anti-inflammatory reaction (in-
creased IL10 production) was observed in the liver and 
the adipose tissue (Martel et al., 2014). Similarly, the 
expression of IL10 in the adipose samples of the cows in 
the present study was positively associated with the ex-
pression of TNF and IL6. Possibly, IL-10 compensates 
for the locally increased production of proinflammatory 
adipokines. As such, it can be questioned if the locally 
increased production of proinflammatory cytokines in 
adipose depots has a negative influence on metabolic 
and inflammatory pathways of over-conditioned dairy 
cows at the end of pregnancy. More research is needed 
to determine the potential effect of ATM, the local 
production of pro- and anti-inflammatory molecules in 
adipose tissue of dairy cows, the inflammatory profile 
of these cows, and potential health consequences.
CONCLUSIONS
In dairy cows, adipose tissue is a potential source 
of inflammatory mediators. Expression of inflamma-
tory genes (TNF, IL6, and LEPT) is upregulated in 
adipose depots with enlarged adipocytes in dairy cows 
at the end of pregnancy. Increased presence of ATM 
in the omental adipose depot in cases of increased adi-
pocyte size indicates a potential influence of ATM in 
metabolic and inflammatory properties of this depot. 
Furthermore, different adipose depots are characterized 
by a difference in the mRNA abundance of adipokines, 
which indicates that inflammatory properties may be 
clearly different between adipose depots within the 
same animal.
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